Abstract
Introduction
There is an increasing number of preclinical and clinical studies that support the crucial role of neurotrophins, especially brain-derived neurotrophic factor (BDNF), in the development and treatment of depressive disorders [1, 2] . BDNF promotes neuronal survival, differentiation and synaptic stabilization, making it an important player in the maintenance of neuronal plasticity. The neurotrophin hypothesis of depression argues that a lack of BDNF leads to less neuronal plasticity, which in turn contributes to the pathophysiology of depression [3] . So, it is suggested that the changes in BDNF expression lead to the structural alterations and volume decrease in the limbic system and the prefrontal cortex (PFC), which are often found in depressed patients [4, 5] . Additionally, it is suggested that antidepressant drugs may help to restore the functional networks by inducing neurogenesis and facilitating synaptic connectivity [6] . In contrast to the immediate increase of monoamines in the synaptic cleft after taking antidepressants, the neuroptrophic effects take more time, which could be an explanation for the delay in the effects of antidepressant treatment.
In line with the neurotrophin hypothesis of depression, low BDNF blood levels in a depressive state were often found in humans, as well as an association of increasing BDNF concentrations with antidepressant treatment [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . While peripheral BDNF reduction during depression has often been replicated, there are open questions about the exact role of BDNF in the pathophysiology and especially in the psychopharmacological treatment of depression. Thus the results, showing that especially the reduction of BDNF must be restored to achieve antidepressant response, are questioned by contrary findings in rather recent clinical and preclinical studies [17] [18] [19] [20] [21] . So, there is even evidence that there could be a clinical response in the absence of a BDNF increase [22] [23] [24] [25] [26] . BDNF predominantly acts in depression related brain regions like the hippocampus, the anterior cingulate cortex (ACC) and the prefrontal cortex (PFC) [27] . The ACC is involved in several processes including reward anticipation, decision making, impulse control and emotional functions [28] [29] [30] , which might reflect its crucial role for depression and its development. In animal and postmortem human studies, the influence of stress and depression show decreasing BDNF levels in these relevant brain regions [31] . Since direct brain analysis is not possible in living humans, serum or plasma BDNF is used as a neuroplasticity marker, which should reflect the BDNF brain concentration. To fill out this gap in research with humans, N-acetylaspartate (NAA) concentration as an in-vivo biomarker of neuroadaption and plasticity [32] can be measured by magnetic resonance spectroscopy (MRS). MRS is a noninvasive magnetic resonance imaging (MRI) method to measure brain metabolite concentrations. NAA is a central metabolite that is thought to reflect neuronal integrity, viability, and function [33] . It enhances mitochondrial energy production from glutamate [34] and is exclusively found in the brain [35] . Though only a few studies have examined this supposed connection so far, peripheral BDNF and NAA in the ACC seem to be positively associated [36] [37] [38] .
Since in previous research there are heterogeneous findings, investigating the association of serum BDNF concentrations, antidepressive drug treatment and clinical response in longitudinal studies, we aim to assess the roles of serum BDNF and NAA during antidepressant treatment and their roles for treatment outcome.
Taking recent findings into consideration, we hypothesized that serum BDNF and NAA concentrations in the ACC are lower compared to healthy control subjects. Additionally, we also predicted that serum BDNF and NAA would increase in association with a positive treatment response and with remission of depression. Finally, we predicted that BDNF and NAA are both associated with each other and with symptom severity.
Materials and Methods
Subjects and procedure Seventy-six in-and outpatients (47 females, 29 males) with the diagnosis of major depressive episode were recruited within the scope of the present study. They were treated in a naturalistic setting in the department of psychiatry and psychotherapy of the university hospital Charité Berlin. At the time point of study inclusion, patients were either unmedicated (n=64) or did not respond to current medication and were therefore willing to change the drug (n=12). Decision for the kind of antidepressant medication was made by the attending physician and was independent of the study. Before entering the study, patients provided written informed consent. Exclusion criteria were defined as drug use and alcohol dependence (AUDIT) [39] with use during the last year, psychotic symptoms, bipolar disorder, borderline personality disorder, neurological diseases, chronic medical disorders, and pregnancy. Demographic data (as seen in Table 1 ) and case history as well as body weight/body mass index (BMI) and smoking status (yes/no) where collected in an interview by an experienced psychologist. All patients were evaluated by a study coworker to confirm the diagnosis of a depressive episode with the 17 item version of the Hamilton Depression Rating Scale (HAMD) [40] , and the Beck's Depression Inventory (BDI II) [41] . Inclusion criteria were defined as a minimum score of ≥16 points in the HAMD. The HAMD and BDI scores were used as baseline scores (T0), which indicated the time point of no medication or before medication change. At baseline, the T0 blood sample was collected. From this time point blood samples were collected weekly until week six. Due to organizational issues blood samples were collected every second week until T4 for all patients, and until T6 in 27 (35,5%) patients of the sample. In a subsample of 15 patients, we conducted magnetic resonance spectroscopy (MRS) to measure NAA concentrations in the anterior cingulate cortex (ACC).
The control group of healthy volunteers consisted of 41 mentally healthy subjects (25 females, 16 males), which were recruited via internet advertisements. In the healthy volunteers, we measured serum BDNF, NAA and BDI scores at baseline (T0) and again after six weeks (T6) to have comparable data to the group of depressed patients. All participants gave written informed consent in advance of inclusion into the study. Any psychiatric diagnosis was excluded on the basis of Mini International Neuropsychiatric Interview (M.I.N.I.) [42] , which was conducted by a research psychologist. Demographic data, BMI and smoking status were collected and all exclusion criteria mentioned above were applied equally for the healthy subjects.
The study design was approved by the local ethics committee.
BDNF assessment
Blood samples of patients were taken in 8 ml BD vacutaner at T0 (before treatment or treatment change), T2 (after two weeks of medication), T4 (after four weeks of medication), and T6 (six weeks after medication). Blood samples were stored 20 minutes at room temperature (for clotting) and centrifuged 10 minutes with 2.500 rounds per minute at 4°C. Serum was isolated and stored at -80 °C until BDNF measuring occurred.
Serum BDNF levels were assessed with an enzyme linked immunoabsorbant assay (ELISA) kit (Promega BDNF Emax®, Madison, Wis., United States). Samples were appropriately diluted (between 1:100-1:150) and detection of total soluble BDNF was carried out in an antibody sandwich format like it is described in the manufacturer's protocol. The absorbance was measured within 30min in a microplate reader set at 450nm, and a correction wavelength set to 690nm, to determine BDNF concentrations according to the standard curve. All assays were carried out in duplicate and means were calculated.
NAA assessment MRS data were collected at a 3 Tesla scanner (Siemens, Erlangen). Metabolites in the magnetic resonance spectrum were quantified immediately after acquisition of a high resolution T1 structural image using 3Tesla 1-H-MRS [point resolved spectroscopy (PRESS), 128/8 averages, 90° flip angle, TE = 80ms, TR = 3 sec., automatic shimming, 128/8 spectra with and without water suppression, respectively]. The Linear Combination of Model spectra commercial spectral fitting package (LCModel; Provencher, 1993; Göttingen, Germany) was utilized to analyze MRS data. For estimation of NAA concentration within the ACC voxel, we used a threshold of <=20% for CramérRao lower bounds.
A 20 x 30 x 25mm voxel was placed individually in the ACC (see Fig. 1 ). The voxel was positioned above the anterior portion of the corpus callosum with the anterior boundary of the box ending at the orthogonal of the genu of the corpus callosum and therefore cut across both hemispheres.
To correct for individual differences in GM, WM and CSF fractions within the MRS voxel, absolute NAA concentrations were transformed via the formula: NAA adjusted = (NAA absolute*(1/GM+WM)). Adjusted NAA concentrations are expressed in mmol/l, however only Z-standardized values were used for statistical analysis. For quantification of GM, WM and CSF, we used the unified segmentation approach of SPM8 and extracted voxelspecific fractions of GM, WM and CSF using python scripts (Python Software Foundation. Python Language Reference. Available at: "http://www.python.org/"). 
Statistical analysis
After testing for normality distribution (one-sample Kolmogorov-Smirnov-test), repeated measures general linear models were used to detect variations in BDNF and NAA as well as HAMD and BDI scores over the time course of six weeks of medication (with T0, T2, T4, and T6 as four time points) compared to healthy controls (between subject factors). Age and sex were entered as covariates of no interest.
Paired t-tests were computed to specify the observed effects over time points within groups. Independent t-tests were computed to detect differences between groups.
To relate response and remission with early serum BDNF levels, we used a univariate ANCOVA model (controlling for age and sex) with response and remission as separate factors and BDNF as dependent variable. Response was defined as a 50% improvement in the HAMD after eight weeks of treatment. Remission was defined as a Hamilton score of ≤ 8 after eight weeks of treatment.
Pearson correlations were calculated to detect associations between clinical indicators and biomarkers as well as associations in between HAMD and BDI and BDNF and NAA.
All calculations were conducted using Statistical Package of the Social Sciences (SPSS 17.0).
Results

Demographic data and clinical indicators
As shown in table 1, the groups of patients and healthy controls were comparable in demographic features. The proportions of male and female depressed patients corresponded to the reported incidence of major depression in the population [43] . Only the smoking status differed noticeable (17% smokers in healthy controls vs. 60% smokers in patients).
Although, Pearson correlations between possible confound variables like smoking and body weight/BMI and BDNF/NAA-concentrations were not significant in either group (p > .05). The most frequently used antidepressants in our study were escitalopram and citalopram (50.0%) and 59.2% of the antidepressants were serotonine reuptake inhibitors. In the self-report of depressive symptoms (BDI), scores declined significantly over the time course of antidepressant treatment of six and eight weeks (Fig. 2) : t(51) T0T6 : 6.836 p < .001; t(43) T0T8 =6.625, p < .001). In our sample we had 61.9% BDI responders with at least 20% score decline at T4, 67.3% BDI responders with at least 20% score decline at T6, 44.2% BDI responders with at least 50% score decline at T6 and 51.2% BDI responders with at least 50% score decline at T8.
Whereas the BDI score declined in patients, there was no change in BDI scores in the healthy volunteers, which was stated by a significant interaction of time and diagnose of BDI scores in a repeated measures model (F(87) = 36.195, p = .000). Healthy controls showed no critical BDI score compared to patients and the scores of depressed and healthy subjects differed significantly at both time points (t(108) T0 = 17.800 p < .001; t(89) T6 = 6.844, p < .001).
Patients response to antidepressant medication is reflected by the HAMD scores as well with HAMD scores declining over the time course of therapy and study time (Fig. 2) . In the depressed sample, there was a significant effect of time in HAMD score reduction after eight weeks of treatment (F(25) = 6.952, p <.001) and a significant difference in HAMD scores could be detected when comparing HAMD baseline with HAMD scores after six (t(61) T0T6 = 14.047 p < .001) and eight weeks of antidepressant treatment (t(52) T0T8 = 11.756 p < .001). Specifically, we had 47.9% responders (HAMD ≤ 50%) after four, 58.7% responders after six and 59.3% responders after eight weeks of treatment, of which 56.6% reached remission, which was defined as HAMD T8 ≤ 8. There were no gender differences in HAMD and BDI scores over time (HAMD T0T8: p = .773, BDI T0T8 p = .409), nor at a single time point (HAM T6 p = .364; HAM T8 p = .115). Finally HAMD and BDI scores correlated significantly at any time point of the study (r(67) T0 = .419**, r(42) T8 = .841*). 
BDNF
In a repeated measures general linear model investigating serum BDNF variations before and after six weeks as dependent variable (T0-T6) and controlling for age and sex, time was a significant factor (F(59) = 7,441, p = .008), as well as the interaction of time and diagnose (BDNF patients < BDNF controls : F(59) = 6.179, p = .016); moreover we found a significant interaction of time and age (F(59) = 4.816 p = .032). Pearson correlations revealed that a single significant positive association between age and serum BDNF (r(38) = .390*) in the healthy controls at baseline (T0) accounted for this result, whereas there was no more association at T6 in this group and no association between age and serum BDNF in the depressed patients to either time point.
Descriptive statistics showed decreasing serum BDNF concentrations in the depressed sample, whereas in the control sample there was a slight (p < .05) increase (Fig. 3) . In depressed patients paired t-Tests showed no statistical significant deviations in serum BDNF between baseline and week four of medication (p T0T4 > .05), but a significant decrease in serum BDNF concentrations between baseline and week six (t(26) T0T6 = 2.435, p = .022). Serum BDNF in healthy controls did not differ between the two time points (p T0T6 > .05). Independent t-tests revealed statistically significant differences between patients and controls serum BDNF at both time points (t(108) T0 = 3.333, p = .001; t(62) T6 = 7.926, p = .000).
BDNF and clinical symptoms Pearson correlations did not show a consistent association between BDNF and clinical symptoms on HAMD and BDI (p > .05).
We split the depressed sample into "responder" (≤ 50%) and "remitter", the group of patients who had a reduction of 50% in HAMD rating between T0 and T8 ("responders" (T8 ≤ 50%), respectively, who had a HAMD-score of 8 or less ("remitters" = HAMD ≤ 8). Depressed patients who did not achieve this reduction in HAMD ratings were in the nonresponder/non-remitter group. When we computed a univariate ANCOVA comparing these responder/remitter groups to non-responders/remitters, controlling for age and sex, we found a significant difference between these two groups at baseline (T0). As shown in Figure  4 , the remitter/responder had significant lower serum BDNF concentrations at baseline (T0) than non-responder and non-remitter (F(44) remisson = 7.619, p = .008; F(45) respond = 6.403, p = .015). These findings remained significant after applying Bonferroni correction for multiple testing (p < .025).
In making the same calculation with BDI responders (BDI ≤ 50% at T8), we found the same but non-significant pattern of lower serum BDNF at baseline in the BDI-responder group compared to the non-responder group. 
NAA
Although descriptive statistics showed lower NAA concentrations in depressed patients compared to controls at baseline (Fig. 5) , independent t-tests only show a statistical trend (t(52) T0 = 1.855, p = .069). While NAA increases in the depressed group, it decreases in the control group, but paired t-test display no significant differences between the two time points in either group (patients, NAA T0T6 : p > .05; control NAA T0_T6 : p > .05) and independent t-tests show no difference at T6 of NAA between the two groups.
A general linear model (repeated measures) with NAA variations as the dependent variable and sex and age as covariates displayed no effect of time nor of group and time interaction (p > .05), i.e. NAA does not significantly change in the time course of six weeks of medical treatment.
We did not find associations between NAA and serum BDNF, neither between NAA and clinical symptom measures (HAMD/BDI) at the same time points.
Referring to figure 4, though not significant, when controlling for age and sex, univariate ANCOVAs showed the same tendency of lower NAA at baseline in the HAMD responder/ remitter compared to the non-responder/remitter. The same tendency was shown for baseline NAA being decreased in BDI responders (BDI ≤ 50%), with tendency to significance at T6 (F(7) = 4.634; p = .068). 
Discussion
In the present study, we examined prospectively the role of serum BDNF and central NAA during initial antidepressant medication, respectively change of antidepressant, in patients with a major depression over a time course of six weeks.
Our results confirm our first hypothesis that BDNF is significantly lower in depressed patients compared with healthy controls. This finding has been demonstrated in previous research and thus we can suppose that low peripheral BDNF is a biomarker of depressive disorders [44] .
We found no variations in serum BDNF after four and a decrease in serum BDNF after six weeks of antidepressant treatment. A significant decrease of psychopathological symptoms in the HAMD and the BDI scores at the end of the study was detected. This findings did not support our second hypothesis since we did not find an increase of serum BDNF in association with a positive treatment response or remission of depression. However, we found that a low BDNF level at baseline (T0) predicts response to treatment, which confirms the suggestion that low serum BDNF is a precondition for clinical amelioration in response to antidepressant treatment. Additionally, in our study, baseline BDNF in BDI responders compared to non-responders was consistently lower, but did not reach significance. This was also the case for baseline NAA, which was lower in HAMD/BDI responders/remitters. Thus, in our sample, there is a pattern of lower biological markers at baseline being associated with subsequent clinical response. Similarly, Ricken et al. [45] found that low BDNF levels predicted a lithium response. Other studies did not show any difference in baseline BDNF between responders or remitters but instead an early serum BDNF rise, which predicted response or remission [16, 21, 46] .
However, in our sample, BDNF values did not change and even decreased after six weeks of antidepressant treatment. Although contrary to the neurotrophin hypothesis, this is in line with several recent studies that do not show a BDNF increase over the course of antidepressant treatment and other studies that also reported a clinical response to treatment without BDNF increase [18, 22] or BDNF variations, independent of continuous application of antidepressants [47] [48] [49] . Our results were found while controlling for age and sex. Furthermore, we neither found significant associations between serum BDNF concentrations/NAA concentrations and body weight/BMI or smoking (Pearson correlations p > .05), which have been previously reported to affect peripheral BDNF levels [50] [51] [52] . Taken together, our results suggest that reduced BDNF might be a precondition to response to antidepressive medication rather than its consecutive change directly parallels clinical symptoms.
In contrast to most studies that assess BDNF in an acute state or for a few weeks under medication, there are some studies that argue that low peripheral BDNF might be associated with a chronic rather than an initial depressive state [24, 47] . Bus et al. [47] showed that over two years, serum BDNF persistently decreased in a group of depressed patients independently of remission and antidepressant treatment. Furthermore, in this depressed group, they found a steeper serum BDNF decrease compared to healthy controls and initially depressed subjects. Hence it has been suggested that BDNF may not only be crucial in the development of depression but that depression may contribute to low BDNF even in a remitted state. Furthermore, in neuroimaging studies, neuronal atrophies are rather found in episodic and chronic than in first episode depression [53, 54] which is supposed to be due to the toxic impact of glucocorticoid hyperactivation caused by chronic stress [55] . This evidence suggests that, mediated by the toxic impact of cortisol/glucocorticoides on depression-related brain regions, only chronic stress might lead to a downregulation of BDNF and finally contributes to depression development and its maintenance. This guided us to two speculations: First, BDNF increase may occur over longer periods of time and more likely as a consequence of symptom amelioration and may not be necessary for primary response and remission, even if some antidepressants do affect BDNF concentrations [56, 57] . According to Duman [58] , the observed serum BDNF decrease could reflect a latency in the synthesis process of BDNF. Secondly, the initial antidepressant effect on neuroplasticity may be reduced with long term administration [47] . Since in our sample most of the patients had a history of antidepressive treatment (77%), this may have affected their BDNF response to medication, which could reflect a potential tolerance to the neuroplasticity effect of antidepressants like Bus et al. [47] speculate.
As mentioned above, it has also been suggested that BDNF may not only be crucial in the development of depression but that depression may contribute to low BDNF even in a remitted state. Since more than half of the patients (53.9%) in our sample had a history of episodic or chronic depression, this could account for our finding of a further decreasing serum BDNF in the time course of antidepressant medication independently of response or remission. In regard to trait depression, Lang et al. [59] as well as Terracciano et al. [60] found that mentally healthy subjects with depressive personality traits have lower serum BDNF concentrations than subjects without these personality traits. Moreover, female patients were over-represented in our sample (61.8%), which might account for our finding that disease duration is associated with decreased BDNF levels as shown before by de Azevedo Cardoso et al. [61] .
The heterogeneity of prescribed antidepressants in our sample could be another explanation of our results. The most frequently used antidepressants in our study were escitalopram/citalopram (50.0%). Escitalopram and citalopram (SSRIs) have been shown not to increase BDNF specifically [23] . With 14.5%, venlafaxine (SNRI) was the secondly most often given antidepressant in our sample. Deuschle et al. [48] found a serum BDNF decrease in venlafaxine treated patients, but a serum BDNF increase in mirtazapine (NaSSA) treated responders. Miro et al. [62] and Dias et al. [63] also found a BDNF downregulation after two weeks of fluoxetine (SSRI) treatment. Therefore, one might argue that the observed BDNF non-increase/decrease might be a specific phenomenon of SSRIs and SNRIs in contrast to other antidepressants. Indeed, other studies found that other antidepressant treatment strategies as serotonergic modulators increase BDNF concentrations, i.e. lithium [45] and antipsychotic medications [64] . Another hypothesis has been published recently by Vasquez et al. [65] who argue that chronic stress induces NMDA receptor stimulation, leading to changed calcium signaling and BDNF downregulation. According to this model, NMDA receptor antagonists should increase BDNF more effectively than conventional antidepressants.
There was no association of NAA with clinical symptoms and response. NAA quantitatively increased over the time course of six weeks of antidepressant treatment, which is in line with our second hypothesis. Though NAA is regarded as a biomarker of neuroplasticity and is assumed to be associated with depressive symptoms, we failed to show a significant difference in NAA concentrations between depressed patients and healthy controls (p = .069). We suppose that this might be due to the small sample size of depressed patients (n = 15). Additionally, we measured NAA in the ACC, whereas the literature suggests that hippocampal NAA action might be more important for depression than NAA variations in the ACC [66, 67] .
There are several limitations to the present study. First of all, we had a high drop-out rate during the study, which is due to the fact that the time period of eight weeks of data assessment was quite long for the patients. Therefore, the sizes of subgroups were different. Patients and healthy control sample sizes were due to time limitations (3 years). Moreover, the observation period was possibly too short to show BDNF serum recovery. Finally, NAA changes might be rather expected in the hippocampus than in the ACC.
In future studies, a longer evaluation period might highlight if the studied biomarkers actually change with depression remission or are more likely associated with stable characteristics of depressed patients. Moreover, since there is evidence that the Val/Metpolymorphism in healthy subjects influence the BDNF-concentrations [37, 68] , it might also be useful to take genetic variations in account, when exploring human BDNF.
In conclusion, our results support the assumption that changes of biological markers like BDNF and NAA are not necessary preconditions for recovery and symptom reduction. In turn, our results suggest that reduced BDNF might be a precondition to response to antidepressive medication rather than its consecutive change directly parallels clinical symptoms. BDNF serum concentration may also selectively react to specific antidepressant treatments and not to the clinical treatment per se. However, if our result can be reproduced over longer time periods and in larger samples, BDNF might be considered a reliable predictor of antidepressant response independent of the class of antidepressant used.
